INTRODUCTION
Convulxin (CVX), a very potent platelet-aggregating protein from Crotalus durissus terrificus venom, is a 72 kDa heterodimeric α $ β $ complex made of two subunits, α (13n9 kDa) and β (12n6 kDa), linked by disulphide bridges [1] [2] [3] . It is a nonenzymic protein which activates blood platelets [4, 5] through a Ca# + -dependent mechanism [6] and fibrinogen, ADP-and cyclooxygenase-independent mechanisms [5] . Recently, the binding of "#&I-labelled CVX to blood platelets was analysed under equilibrium conditions showing that the protein binds to platelet membranes, in a Ca# + -independent manner at a small number of sites (1000 binding sites per cell) with very high affinity (K d 30 pM) [7, 8] . CVX does not bind to other types of cell such as neutrophils and erythrocytes [7] . Binding is not inhibited by α-thrombin, fibrinogen, laminin-binding inhibitor, RGDS peptide, ADP, PAF-acether, 5-hydroxytryptamine or adrenaline [7] . All these results indicate that CVX binds to a specific platelet receptor, recently proposed to be the glycoprotein GPVI, which is also one of the collagen receptors [8, 9] .
We report here the cloning and sequences of two cDNAs encoding the two chains of CVX and their deduced polypeptide sequences. The polypeptide sequences were analysed and compared with those of other C-type lectins. An arrangement of the CVX disulphide bridges is proposed to explain the hexameric structure of this protein.
MATERIALS AND METHODS

Isolation of CVX α and β chains and determination of partial amino acid sequences of CVX subunits
Purified CVX was first submitted to SDS\PAGE under reducing conditions and then electrotransferred to an Immobilon membrane [7] . The protein bands corresponding to α and β chains Abbreviations used : CVX, convulxin ; CRD, carbohydrate-recognition domain ; IX/X-BP, IX/X-binding protein ; LmsL, lectin from Lachesis muta stenophyrs ; RSL, rattle snake lectin. 1 To whom correspondence should be addressed (e-mail : cbon!pasteur.fr).
acids required for binding Ca# + and galactose or mannose are absent. The presence of such a domain means that CVX can be included in the family of C-type lectins along with other snake venom proteins, although it is not a true lectin. Assuming that the localization of intracatenary disulphide bridges of each CVX chain is similar to that of the CRD and that an intercatenary bridge between the α and β chains is similar to that of the C-type lectin botrocetin, we postulate the existence of an additional intercatenary bridge, which explains the tridimeric structure (αβ) $ of CVX.
were cut out and digested with trypsin. The tryptic peptide fragments were separated by HPLC on a 218T52 Vydak (Hesperia) column (2n1i250 mm) with acetonitrile\water\ trifluoroacetic acid [10] . The various peptides were sequenced by means of Edman degradation with an Applied Biosystems 470-A gas-phase sequencer. Phenylthiohydantoin amino acid derivatives were identified by on-line reverse-phase HPLC on an RP18 column, with an Applied Biosystems 120-A analyser.
RNA purification
Total RNA was prepared from C. durissus terrificus glands by the method of Chomczynski and Sacchi [11] using a total RNA separator kit (Clontech).
cDNA library
Polyadenylated RNAs were prepared from total RNA with oligotex-dT columns (Qiagen). From 4 µg of these mRNAs a directional cDNA library was constructed using the Superscript plasmid system (Life Technologies) with minor modifications. We used an EcoRI adaptor (Pharmacia) instead of the Sal I proposed. Size-selected cDNAs were ligated in cloning vector pT3T7 NotI\EcoRI\BAP (Pharmacia). The resulting plasmids were used to transform highly competent Escherichia coli cells (Epicurian XL-blue-MRFh ; Stratagene). The transformed bacteria were fractionated into 19 pools, which were screened by PCR, with one primer annealing on the vector and the other on the insert sequence. PCR was performed with Taq polymerase (Amersham) and 10 pmol of each nucleotide in a final volume of 50 µl. When necessary, PCR products were cloned with the pGEM T-system (Promega). Double-strand sequencing was performed with the T7 sequencing kit (Pharmacia).
Sequence alignment was performed with the Clustal V program, and the search for homologous sequences in databanks was carried out using the Fasta system.
Nucleotide primer sequences
Nucleotide primer sequences were as follows :
Primer in the signal peptide sequence : AB5P : 5h-GAAGGAAGACCATGGGGCGATTCATCTTCG3h
Primers in the vector pT3T7 : T3 : 5h-AATTAACCCTCACTAAAGGG-3h T7 : 5h-CATTATGCTGAGTGATATCCCG-3h
RESULTS AND DISCUSSION
Cloning of CVX
From the N-terminal polypeptide sequences of CVX α and CVX β we designed degenerated PCR primers as well as the corresponding antisense primers. These primers combined with primers in the vector were tested on the cDNA library constructed in the vector pBR322 and previously used to clone cDNAs encoding other proteins from this venom [12] . The sequencing of the PCR products revealed 5h end non-coding regions, a signal peptide and incomplete coding sequences of proteins for both CVX subunits. Nevertheless, the sequences of these clones allowed the design of specific PCR primers for CVX α (A1 and RCA2) and CVX β (B13 and RCB15), which were used to screen a new cDNA library. mRNAs from a venom gland of C. durissus terrificus were prepared and used to construct a new cDNA library in the vector pT3T7 between the EcoRI and NotI sites. Several inserts of interest were amplified from the library by PCR using various pairs of specific primers in CVX α or CVX β, and specific ones in the vector (T3 or T7). The amplified material obtained after each PCR was sequenced, allowing us to determine the complete cDNA sequences of the CVX chains ( Figure 1 ). These sequences were consistent with the partial amino acid sequences determined by Edman degradation from purified CVX. The two cDNAs encoding CVX α and CVX β were then obtained from the pT3T7 library pools by three consecutive PCRs performed as described in Figure 2 . The final PCR products were cloned in the pGEM-T system and sequenced again to confirm that they correctly encoded CVX α and CVX β proteins.
To test the possibility that the two chains of CVX are encoded by the same RNA transcript, a PCR amplification was performed on total RNAs isolated from the venom gland with a pair of specific primers, A1 in CVX α and RCB15 in CVX β or with another pair of primers, RCA2 in CVX α and B13 in CVX β. No PCR products were obtained in either case, showing that the two CVX subunits were encoded by two different transcripts. Control experiments performed using two specific primers in either CVX α (A1 and RCA2) or CVX β (B13 and RCB15) gave positive results.
Reamplification of the cDNA library prepared in the pT3T7 vector led to the loss of the clones containing cDNAs coding for CVX α and CVX β. This was mentioned by Alfandari and Darribe' re [13] , and the method they proposed to recover the clones was also unsuccessful in our hands.
Figure 1 Nucleotide sequences of cDNAs encoding CVX α ( A ) and CVX β ( B ) and the deduced polypeptide sequences
Numbering of the nucleotides is in the 5h to 3h direction. Numbering of the amino acids, indicated in brackets, starts at the N-terminal amino acid of the mature CVX α and β chains. Polypeptide sequences determined by Edman sequencing are underlined.
Comparison of the cDNA sequences encoding CVX α and β chains and that of the deduced polypeptides
Comparison of the nucleotide sequences of the cDNAs encoding CVX subunits shows that they are very similar, with an overall identity of 74 %, which appears to be higher in the non-coding sequences, 83n4 % and 91n2 % for the 5h and 3h ends respectively, than in the coding region (63n8 % only). A similar finding was
Figure 2 Constructs of CVX α and CVX β by PCR
Constructs were obtained from the relevant library pool by a series of three consecutive PCRs : the first between primer AB5P in the peptide signal sequence and an antisense primer RCA2 (CVX α) or RCB15 (CVX β) ; the second between a specific primer A1 (CVX α) or B13 (CVX β) in the sequence and the antisense primer T3 in the vector ; the third on an equal mixture of the two previous PCR products as template between primer AB5P and primer T3 for CVX α and CVX β.
first reported for cDNAs encoding the two subunits of crotoxin, the major protein of the same venom. This was, however, much more marked, with 98 and 90 % identity for the non-coding 5h and 3h end sequences compared with 50 % in the coding region [12] . The low percentage of identity in the coding sequences compared with the high percentage in the non-coding sequences remains largely unexplained. It may result from recent gene divergence, as suggested for the crotoxin subunits [12] .
The encoded protein sequences correspond to polypeptides of 158 and 148 amino acids for CVX α and CVX β respectively (Figure 1) . A comparison of the N-terminal sequence of these polypeptides with that determined by Edman degradation of the isolated protein shows that the sequences deduced from cDNA include a signal peptide of 23 amino acids, which is removed in the mature protein. No difference was found between the Nterminal sequence of mature protein and the internal polypeptide sequences for each subunit obtained by Edman degradation. Indeed the N-terminal sequences of the CVX subunits determined by Polgar et al. [9] are in agreement with the polypeptide sequences deduced from the cDNAs identified in this study. The sequences of the mature subunits give a molecular mass of 14 850 Da for CVX α and 13 750 Da for CVX β. These values are in rough agreement with the apparent molecular masses determined by Marlas et al. [2] of 13 900 and 12 600 Da respectively. In our nomenclature, CVX α and CVX β were defined according to a homologous family of proteins in which the a subunits show homology to CVX α and b subunits to CVX β. Furthermore, no consensus sequence for the N-glycosylation site was found in the sequence of either CVX α or CVX β. Since CVX has been reported to be a glycoprotein [2] , the glycan moiety is probably associated through O-linked peptides.
C-type lectin structure of CVX and covalent association of subunits by disulphide bridges
The amino acid sequences of the CVX subunits possess most of the characteristics defined by Drickamer [14] , Spiess [15] and Hirabayashi [16] for the carbohydrate-recognition domain (CRD) of C-type lectins. Accordingly, CVX α and CVX β could be included in the family of C-type lectins, along with other snake venom proteins such as factor IX\X-binding protein (IX\X-BP) [17] , alboaggregin-B [18] , echicetin [19, 20] , botrocetin [21] , bothrojaracin [10] and CHH-B [22] . A few differences were, however, apparent in CVX α, in which a serine residue replaces the invariant Trp-69 in the CRD and a valine residue replaces the conserved Pro-87. Moreover, as generally found in C-lectins [23, 24] , the CRD of CVX α and CVX β does not possess the appropriate amino acids for binding of Ca# + and galactose or mannose. In agreement with this finding, it has been shown that CVX does not possess agglutinating activity [7] . CVX binding to its platelet receptor is not modified by the presence or absence of Ca# + [7] .
CVX α and CVX β each contain eight cysteine residues. According to the structural model of the CRD proposed by Spiess [15] , six of these cysteines are involved in the intracatenary disulphide bridges (Cys%-Cys"&, Cys$#-Cys"#* and Cys"!%-Cys"#" for CVX α and Cys%-Cys"&, Cys$#-Cys"#" and Cys*)-Cys""$ for CVX β). Such a model was proved to be correct in the case of the snake venom proteins botrocetin and rattle snake lectin (RSL), in which the disulphide bridges have been chemically located [21, 23] . In these two proteins, besides these six intracatenary disulphide bridges, a disulphide bridge between the α and β chains has been shown to associate cysteine residues around position 80 [21, 23] . Such an intercatenary bridge may exist in CVX between Cys-80 of the α chain and Cys-77 of the β chain. When compared with RSL and botrocetin, CVX possesses one additional cysteine residue in the α chain (Cys-135) and one in the β chain (Cys-3). So it may be that an additional intercatenary disulphide bridge between these two cysteine residues stabilizes the hexameric structure of CVX reported by Marlas et al. [3] in a tridimeric (αβ) $ structure. GPVI cross-linking to the CVX tridimeric structure could be compared with GPVI cross-linking
Figure 3 Polypeptide sequence alignment between different snake venom C-type lectins
The two CVX chains are aligned with the two chains of botrocetin from Bothrops jararaca [21] (Botro a and b) , the two chains of IX/X-BP from Trimeresurus flavoviridis [17] (IX/Xbp A and B), the two chains of bothrojaracin from B. jararaca [10] (BjA and BjB), the two chains of alboagreggin from Trimeresurus albolabris [22] (ALBa and ALBb), the two chains of CHH-B from Crotalus horridus horridus [22] (CHH-Ba and CHH-Bb), the two chains of echicetin [19, 20] (Echic a and b) , and the single chain of RSL from Crotalus atrox [23] and the single chain of LmsL from Lachesis muta stenophyrs [24] . Gaps have been inserted to maximize homology. Asterisks indicate similarity between residues. Figure 4 Neighbour-joining tree with C-type lectins and C-lectins from snake venom and human lithostatin [27] The numbers at the node represent the bootstrap values, which were 1000 replicates according to the Must Package [28] . with F(abh) # fragments of anti-GPVI IgG, which has been shown to be similar to collagen stimulation [25] .
Sequence similarities between CVX and other C-type lectins from snake venom
The cDNA sequences of CVX subunits were compared with those of two other dimeric snake venom C-type lectins, bothrojaracin [10] and IX\X-BP [26] . All are homologous with a high degree of identity. The sequence similarities are greater in untranslated regions (86-94 %) than in coding sequences (64-77 %).
The polypeptide sequences of the CVX subunits were compared with those of other C-type lectins from snake venom, bothrojaracin [10] , botrocetin [21] , IX\X-BP [17] , echicetin [19, 20] , alboaggregin-B [18] , CHH-B [22] , and two snake venom C-lectins, RSL [23] and LmsL [24] , which are highly similar in their primary sequences but possess very different physiological activity, as they interact specifically with quite different proteins ( Figure 3 ). An evolutionary tree [27] constructed from these sequences (Figure 4 ) clearly demonstrates the duplication of an ancestral gene pre-dating the diversification of the Crotalidae. It should also be noticed that the tree has very long branches, and only bootstrap values over 60 % have been detected.
From alignment of the C-type lectin sequences, nothing could Received 14 January 1998/6 April 1998 ; accepted 27 April 1998 be detected in the polypeptide sequence involved in the interaction between the C-type lectin and its receptor. However, a knowledge of this sequence is essential to understand biological activity. To acquire such information, the crystal structure is very helpful, and the 2n5 A H crystal structure of IX\X-BP was recently reported [28] . The crystal structure of CVX will allow us to suggest which polypeptide sequences of the tridimeric structure are likely to interact with the glycoprotein GPVI on the platelets. With such sequences, directed mutagenesis can be used to produce mutants which will help us to understand the interaction between CVX and its receptor.
